The BCKDH (branched-chain α-keto acid dehydrogenase complex) catalyses the rate-limiting step in the oxidation of BCAAs (branched-chain amino acids). Activity of the complex is regulated by a specific kinase, BDK (BCKDH kinase), which causes inactivation, and a phosphatase, BDP (BCKDH phosphatase), which causes activation. In the present study, the effect of the disruption of the BDK gene on growth and development of mice was investigated. BCKDH activity was much greater in most tissues of BDK −/− mice. This occurred in part because the E1 component of the complex cannot be phosphorylated due to the absence of BDK and also because greater than normal amounts of the E1 component were present in tissues of BDK −/− mice. Lack of control of BCKDH activity resulted in markedly lower blood and tissue levels of the BCAAs in BDK −/− mice. At 12 weeks of age, BDK −/− mice were 15 % smaller than wild-type mice and their fur lacked normal lustre. Brain, muscle and adipose tissue weights were reduced, whereas weights of the liver and kidney were greater. Neurological abnormalities were apparent by hind limb flexion throughout life and epileptic seizures after 6-7 months of age. Inhibition of protein synthesis in the brain due to hyperphosphorylation of eIF2α (eukaryotic translation initiation factor 2α) might contribute to the neurological abnormalities seen in BDK −/− mice. BDK −/− mice show significant improvement in growth and appearance when fed a high protein diet, suggesting that higher amounts of dietary BCAA can partially compensate for increased oxidation in BDK −/− mice. Disruption of the BDK gene establishes that regulation of BCKDH by phosphorylation is critically important for the regulation of oxidative disposal of BCAAs. The phenotype of the BDK −/− mice demonstrates the importance of tight regulation of oxidative disposal of BCAAs for normal growth and neurological function.
INTRODUCTION
The BCAAs (branched-chain amino acids; leucine, isoleucine, and valine) constitute an important subgroup of the indispensable amino acids. Leucine in particular plays a special role in the stimulation of protein synthesis [1] , provision of amino groups for the synthesis of the neurotransmitter glutamate [2] , inhibition of autophagy [3] and stimulation of the synthesis and secretion of insulin [4] . Although vital for normal physiological functions, excessive amounts of BCAAs are toxic and cause severe tissue damage, especially to the central nervous system, as evident from the neuropathology associated with maple syrup urine disease [5] . Since BCAAs cannot be stored in any form other than protein, it is necessary to remove BCAAs in excess of that needed for protein synthesis. Disposal of BCAAs involves transamination with 2-oxoglutarate to produce the corresponding BCKAs (branchedchain α-keto acids) by the BCAT (branched-chain amino acid amino transferase). The resulting BCKAs are oxidatively decarboxylated to their corresponding acyl-CoA esters by the BCKDH (BCKA dehydrogenase complex). The latter is the irreversible, rate-limiting step of the pathway that commits BCAAs to degradation. Regulation of BCKDH activity is therefore important for maintaining the proper levels of BCAAs in the body. BCKDH is regulated by a phosphorylation/dephosphorylation cycle, much like the pyruvate dehydrogenase complex. BCKDH is phosphorylated and inactivated by BDK (BCKDH kinase) and dephosphorylated and activated by BDP (BCKDH phosphatase) [6] . BDK is inhibited by αketoisocaproate produced by transamination of leucine [7] . When BCAAs are present in excess, the amount of BDK bound to the complex is reduced [8] and α-keto-isocaproate inhibits BDK activity, resulting in a highly dephosphorylated and active BCKDH that disposes of the excess BCAAs. When there is a danger of BCAAs becoming limiting for protein synthesis, as in the case of dietary protein starvation, the amount of BDK bound to the complex is increased [8] and the concentration of α-ketoisocaproate falls below the concentration that inhibits phosphorylation and inactivation of the BCKDH by BDK.
BCKDH is also subjected to allosteric regulation by NADH and branched-chain acyl-CoA ester, end products of the oxidative decarboxylation of the BCKAs [9, 10] . Indeed, the primary reason we produced the BDK −/− (BDK knockout) mouse was to test whether regulation of the activity of the complex by phosphorylation is an important and necessary mechanism for regulation of Abbreviations used: BCAA, branched-chain amino acid; BCAT, branched-chain amino acid aminotransferase; BCKA, branched-chain α-keto acid; BCKDH, branched-chain α-keto acid dehydrogenase complex; BDK, branched-chain α-keto acid dehydrogenase complex kinase; BDP, branched-chain α-keto acid dehydrogenase complex phosphatase; eIF, eukaryotic initiation factor; ES, embryonic stem; KH buffer, Krebs-Henseleit buffer. 1 To whom correspondence should be addressed (email raharris@iupui.edu). BCKDH activity. A secondary reason was to produce a mouse model that is useful for investigation of the physiological importance of BCAA signalling. The phenotype of the BDK −/− mouse demonstrates that the activity of BCKDH cannot be adequately controlled in the absence of BDK. Lack of control of BCKDH activity by its kinase leads to over-oxidation of BCAAs, which in turn has severe effects on whole-body physiology, especially on the central nervous system.
EXPERIMENTAL

Generation of BDK −/− mice
Mice heterozygous for deletion of the BDK gene were obtained from Lexicon Genetics. ES (embryonic stem) cells (129/ SvEvBrd) from the Lexicon Genetics OmniBank library of genetrapped mouse ES cell clones were infected with retroviral gene-trap vector VICTR48 [11] which integrated upstream of exon 2 of the BDK gene ( Figure 1 ). An ES cell line with the BDK gene disrupted was injected into C57BL/6J blastocyts and implanted in pseudopregnant mothers. The pups were crossed with C57BL/6J mice obtained from the Jackson Laboratory. Genotypes were determined by analysis of genomic DNA by PCR. Heterozygous mice were backcrossed with C57BL/6J for six generations to reduce heterozygosity in the genetic background. After six generations, the heterozygous mice were crossed with each other to generate the wild-type, heterozygous and homozygous mice.
Growth curves and tissue weights
Mice were housed at 23 + − 1 • C with light from 07:00 h to 19:00 h, and free access to water and a chow diet containing 18 % protein (7017; Harlan Teklad) or a high protein semi-synthetic diet with 50 % protein, 33 % carbohydrate and 7 % fat (F4638; BioServ). Pellets of the diets were mixed with water when wet feed was given to weanling BDK −/− mice. All procedures involving animals were approved by the Institutional Animal Care and Use Committee of Indiana University School of Medicine. Breeding pairs of BDK −/− and BDK +/+ mice were established to produce BDK −/− and BDK +/+ mice respectively. To study the effect of extra dietary protein on growth, the high protein diet was given at the time breeding pairs were established and continued after weaning of the pups. Mice were weighed on the day of birth and weekly thereafter. At the end of 16 weeks mice were fasted from 09:00 h to 17:00 h before being killed by cervical dislocation. Tissues were removed and rapidly freeze clamped in liquid N 2 and stored at − 80
• C until use.
Enzyme assays
Extracts of tissues for the BCKDH assay were prepared as described previously [12] . BCKDH was concentrated from whole tissue extracts prior to assay by precipitation with 9 % poly(ethylene glycol). The activities of BCKDH in the native form (actual activity) and dephosphorylated form (total activity) were determined spectrophotometrically by measuring the rate of NADH production with α-keto-isovalerate as substrate with a Cary 50 spectrophotometer (Varian) [12] . Total activity was measured after dephosphorylation of the complex with lambda protein phosphatase (New England Biolabs) [12] .
Immunoblot analysis
Antisera for each component [the subunits of BCKA decarboxylase (E1) and the dihydrolipoyl transacylase (E2)] of BCKDH were generated against purified E1 and E2 components of isolated rat liver BCKDH [12] . 
Valine utilization by isolated diaphragms
Diaphragms from fed mice were excised and rinsed in KH (KrebsHenseleit) buffer [13] . Blotted and weighed diaphragms were placed in Erlenmeyer flasks (10 ml) containing 1.5 ml of KH buffer (pH 7.4) supplemented with 5 mM glucose, 1 mM valine and 0.2 % (w/v) BSA (non-esterified fatty acid free). The flasks were gassed with O 2 /CO 2 (19:1), sealed with rubber stoppers and preincubated at 37
• C for 30 min in a shaking water bath (60 cycles/ min). Diaphragms were removed from the flasks, blotted and transferred to new flasks containing 1.5 ml of KH buffer supplemented with 5 mM glucose, 1 m-units/ml insulin, 0.2 % BSA and 1 mM valine containing 160 µCi/mmol [1- 14 C]valine. Flasks were flushed with O 2 /CO 2 (19:1), sealed with rubber stoppers fitted with hanging centre wells (Kontes), and incubated for 1 h with shaking at 37
• C. For the termination of the reactions 100 µl of 60% (w/v) perchloric acid was injected into the reaction mixture and 250 µl of phenethylamine/methanol (1:1, v/v) was added into the centre wells for collecting the 14 CO 2 produced. The flasks were resealed with fresh rubber stoppers fitted with hanging centre wells. Hydrogen peroxide (350 µl of 30 % w/v) was injected into the contents of the flask and 250 µl of phenethylamine/methanol solution (1:1, v/v) was added to the centre wells for collection of the 14 CO 2 generated by the decarboxylation of α-keto-isovalerate.
Measurement of amino acids
Following decapitation of the mice, blood was collected, kept on ice to coagulate and centrifuged (3000 g for 10 min at 4
• C) to obtain serum. Tissues were powdered under liquid nitrogen, weighed and extracted with 3 vol of 0.6 M perchloric acid for deproteinization. Precipitated proteins were removed by centrifugation, and the supernatants were neutralized with 4 M potassium carbonate. Brain and blood amino acid analyses were carried out with a Beckman 6300 automated amino acid analyser by the Quantitative Amino Acid Analysis Core of the Indiana University School of Medicine, Indianapolis, IN, U.S.A. The sum of the three BCAAs was also measured spectrophotometrically with leucine dehydrogenase (Toyobo) [14] .
Histological examination of the brain
Female mice at 7, 14, 25 and 35 weeks of age were selected for histological examination of brain sections. Mice were anaesthetized by injecting Nembutal (70 mg/kg body weight) intraperitoneally. Saline was injected into the left ventricle of the heart to wash blood from the organs. This was followed by injection of 1:10 diluted buffered formalin. The brains were removed and fixed in 10 % neutral formalin for 2 weeks. Brains were serially sectioned at 2-3 mm intervals in the coronal plane and submitted for processing and paraffin embedding. Sections of 4 µm were prepared and stained with haematoxylin and eosin. Multiple areas of the brains were examined.
Characterization of epilepsy in BDK −/− mice
Eleven female mice that were 6-8 months old were observed for 3 weeks. Mice were checked every third day from day 0 to day 21 for a total of eight observations. Each mouse was held by the tail for 20 s to determine if a seizure occurred. Seizure duration was measured and severity estimated according to the six-stage rating scale of Racine [15] : stage one is lip smacking; stage two is stage one plus head bobbing; stage three is stages one and two plus fore limb clonus; stage four is stages one to three plus rearing; stage five is stages one to four plus loss of balance and generalized tonus/clonus of fore limbs and hind limbs; stage six is death. The results were presented as the number of times a mouse had epilepsy out of eight observations, the average duration, the maximum severity and the average severity according to the Racine rating scale.
Statistical analysis
Results are expressed as means + − S.E.M. for the indicated number of animals in each group. P < 0.05 was considered significant (Student's t test).
RESULTS
Characteristics of BDK −/− mice
Genotyping of the mice was routinely accomplished by PCR analysis of genomic DNA ( Figure 1B ). BDK protein was totally absent from tissues of BDK −/− mice ( Figure 1C ). Mice heterozygous for BDK expressed about half the amount of BDK expressed in BDK +/+ mice, suggesting a gene-dosage effect on the expression of BDK protein.
Nearly expected numbers of wild-type, heterozygous and homozygous null mice were obtained from mating of heterozygous BDK mice (BDK +/+ , 78; BDK +/− , 139; BDK −/− , 59). Fertility of BDK −/− mice was investigated with 14 pairs of BDK −/− male and female mice. Five litters were obtained within a month of setting up the 14 pairs, indicating BDK −/− mice are fertile. However, three of the breeding pairs required 8 weeks to produce litters and six of the breeding pairs failed to reproduce, Values are means + − S.E.M., n = 4 for liver and kidney; n = 3 for heart, skeletal muscle and brain. (*P < 0.0001; **P < 0.01; ***P < 0.05). Before activation refers to activity of BCKDH in tissue extracts. After activation refers to activity of BCKDH in tissue extracts after enzymatic dephosphorylation. 
indicating a decrease in fertility. This is in contrast with the BDK +/+ mice which delivered pups over 90 % of the time within a month of setting up the pairs.
BCKDH activity is greater in tissues of BDK
−/− mice Actual and total BCKDH activities were higher in brain, heart, muscle and kidney of BDK −/− mice compared with BDK +/+ mice ( Table 1 ). In BDK +/+ mice the complex was partially phosphorylated and only partially active in these tissues, whereas in BDK −/− mice the complex was completely dephosphorylated and therefore totally active (Table 1) . Surprisingly, total BCKDH activities in these tissues of BDK −/− mice were also significantly greater than the corresponding total BCKDH activities in BDK +/+ mice. These results suggest that a constitutive activation of BCKDH occurs in these tissues of BDK −/− mice. A similar response to deleting BDK was not observed in the liver (Table 1 ). In contrast with other tissues, the BCKDH was completely active in the livers of BDK +/+ and BDK −/− mice (Table 1) . Furthermore, there was a tendency for actual and total BCKDH activities to be slightly lower in the BDK −/− mice (Table 1) . Reduced BCKDH activity in liver could be a compensatory response to reduced BCAA levels resulting from a greater rate of BCAA oxidation in the peripheral tissues of BDK −/− mice. Feeding rats a low protein diet reduces total BCKDH activity in the liver [16] .
Greater amounts of BCKDH E1α and E1β protein are present in the brain, heart, skeletal muscle and kidney, but not in the liver, of BDK −/− mice The finding that there was a greater total BCKDH activity in tissues of BDK −/− mice was unexpected given that down-regulation would have been a predicted physiological response. However, the greater total activity might be a consequence of enhanced expression of the BCKDH subunits, as found previously in rats fed a high protein diet [16] . Indeed, Western blot analysis revealed that greater amounts of E1α protein were present in the heart, kidney, muscle and brain of BDK −/− mice compared with the BDK +/+ mice ( Figure 2 ). Longer exposure of these blots revealed that the E1β protein increased in parallel with E1α in these tissues (results not shown). In contrast, the relative amounts of the E2 protein were nearly identical for the two groups of mice (Figure 2 ), indicating that an increase in the amount of the transacylase component of the complex was not responsible for greater BCKDH activity. The findings are therefore consistent with an increase in the amount of E1, the decarboxylase component, being responsible for greater BCKDH activity. E1 is known to catalyse the ratelimiting reaction of the complex [17] . In contrast, the livers of BDK −/− mice and BDK +/+ mice showed levels of E1α protein ( Figure 2 ) and E1β protein (results not shown) that were nearly identical, consistent with the finding that there was little difference in total BCKDH activity between the livers of BDK −/− and BDK +/+ mice (Table 1) . A small, but significant, difference in mobility on SDS/PAGE was seen for E1α protein from BDK −/− and BDK +/+ mice in all tissues examined, except for the liver (Figure 2 ). Given that phosphorylation decreases the mobility of the E1α protein on SDS/ PAGE [18] , these findings are consistent with considerable E1α phosphorylation in tissues from BDK +/+ mice, with the exception of liver, and no phosphorylation of E1α in tissues from BDK −/− mice.
To more directly address this issue, the mobility of E1α was measured after treatment of tissues extracts with lambda protein phosphatase to completely dephosphorylate the E1α component of the complex. This treatment increased the migration of E1α from BDK +/+ tissues to that identical with that of E1α from BDK −/− mice (results not shown). No change in mobility of E1α from BDK −/− tissues was induced by phosphatase treatment, confirming that that E1α was completely dephosphorylated in these mice (results not shown).
Increased oxidation of valine in the diaphragm of BDK −/− mice
The capacity to utilize valine was significantly greater in diaphragms from BDK −/− mice compared with diaphragms from BDK +/+ mice ( Table 2) . Diaphragms from BDK −/− mice oxidized valine to CO 2 at a rate that was three times higher than diaphragms from BDK +/+ mice. Large amounts of α-keto-isovalerate accumulated in the incubation medium of diaphragms from BDK +/+ mice, whereas practically none of this transamination product of valine accumulated in the incubation medium of diaphragms from BDK −/− mice ( Table 2 ). These findings are consistent with a low actual activity of BCKDH in muscle of BDK +/+ mice compared with 100 % activity of BCKDH in muscle of BDK −/− mice. There appears to be a shift in the rate-limiting step for valine oxidation from oxidative decarboxylation in diaphragms from BDK +/+ mice to transamination in diaphragms from BDK −/− mice.
BCAAs are low in blood, brain, heart, muscle and kidney, but not in the liver, of BDK −/− mice BCAAs were 50-60 % lower in the blood and 70-75 % lower in the brain of BDK −/− mice compared with BDK +/+ mice ( Table 3) . Concentrations of BCAAs were reduced by 55 %, 50% and 70 % respectively in heart, muscle and kidney of BDK −/− mice compared with BDK +/+ mice (Table 4) . BCAAs also tended to be lower, but not statistically significant, in the livers of BDK −/− mice (Table 4) . Although the BCKDH is also involved in the oxidative disposal of threonine and methionine [19, 20] , the concentrations of these amino acids were not affected in BDK −/− mice (Table 3) . This is notable because the keto acids produced by deamination of threonine (2-oxobutyrate) and transamination of methionine (4-methylthio-2-oxobutyrate) are good substrates (K m values of 18-26 µM and 49 µM respectively) for BCKDH [19, 20] .
Lack of control of the BCKDH greatly affects the phenotype of BDK
−/− mice A significant difference in the body weights of BDK −/− and BDK +/+ mice was apparent after 2 weeks of age ( Figure 3A) . mice showed a lag in weight gain that produced a plateau in the growth curve ( Figure 3B ). This was much more pronounced with BDK −/− mice, with all of the mice losing weight during the third week. This lag phase was followed by a steep increase in body weight during weeks 4-6, but there was a remarkable difference in the pattern of growth during this time between BDK −/− and BDK +/+ mice. BDK +/+ mice grew rapidly during the fourth week followed by a gradual reduction during weeks 5 and 6. Growth of BDK −/− mice was much slower than that of BDK +/+ mice during the fourth week and marginally, but significantly, faster during weeks 5 and 6. During the last 2 weeks of this period BDK −/− mice caught up with BDK +/+ mice to some extent. BDK −/− mice grew at about the same rate as BDK +/+ mice after week 6, with the difference in weights of mice at 12 weeks of age reflecting the extra weight gained by BDK +/+ mice during the early growth spurt. At 12 weeks of age male BDK −/− mice were 15 % smaller than wildtype mice (28.9 + − 0.7 g for BDK +/+ compared with 24.9 + − 0.4 g for BDK −/− , means + − S.E.M.; n = 9 for BDK +/+ ; n = 11 for BDK −/− ; P < 0.05). BDK −/− mice showed a significant improvement in their growth and appearance when a high protein diet was given ( Figure 3C) . A growth pattern similar to that of the mice fed on a chow diet was followed by BDK −/− mice fed on a high protein diet ( Figure 3D ). BDK −/− mice on a high protein diet also lost body weight during the third week, however, the growth spurt during weeks 4-6 was much more robust as compared with BDK −/− mice on a chow diet. Interestingly, on a high protein diet, BDK −/− mice gained significantly more weight during the first week of their lives than BDK +/+ mice.
Tissue weights are affected in BDK −/− mice
Weights of brain, muscle and adipose tissue (relative to the whole body weight of BDK −/− mice fed on a chow diet) were 30 %, 15 % and 40 % less respectively, compared with those of BDK +/+ mice ( Table 5 ). The heart weight was not changed relative to total body weight, but liver and kidney weights were increased by approx. 10 % (Table 5) . Consistent with an improved growth in BDK −/− mice fed on a high protein diet, weights of brain, muscle and adipose tissue showed a significant increase as compared with tissues from BDK −/− mice fed on a chow diet. The weights of brain and adipose tissue were still less by 20 % and 45 % respectively, whereas the kidney weight was 30 % greater in BDK −/− mice fed +/+ mice fed on a chow diet, n = 7 for BDK −/− mice fed on a chow diet, n = 4 for both BDK +/+ and BDK −/− mice fed on a high protein diet (*P < 0.05). on a high protein diet compared with BDK +/+ mice fed on a high protein diet (Table 5 ).
Table 5 Weights of various tissues of BDK
The central nervous system is affected in BDK
−/− mice BDK −/− mice have an abnormal gait with a predilection to splay their hind limbs as shown in Figure 4(A) . This is apparent in mice as young as 3 weeks. They also exhibited hind limb flexion, extension and clinching of the hind limbs to their body when hung by the tail, suggesting a defect in nerve function ( Figure 4B ). Although not completely lost, less clinching of the hind limbs to the body was noted in BDK −/− mice that were fed a high protein diet. At approx. 6-7 months of age, BDK −/− mice developed epileptic seizures, lasting for a few seconds to as long as 2 min ( Figure 4C ). The seizures could be evoked by touching, gently hanging the mouse by its tail for a few seconds or cage changing. The six-stage rating scale of Racine [15] was used to quantify seizure activity (Table 6 ). For example, eleven 6-7 month old BDK −/− female mice were tested every third day for 3 weeks for a total of eight observation periods (Table 6 ). Each mouse was held by the tail for 20 sec to determine whether a seizure would occur. Nine out of eleven mice experienced seizures at least twice, with a severity of five during the 3 week observation period. The seizure activity started with lip smacking followed by head bobbing and frequently progressed to fore limb clonus, rearing and generalized tonic/clonic seizure activity with foaming in the mouth. Severe seizures also induced whitening of the eyeballs and maximum extension of the hind limbs. Mice that experienced the latter usually died. One mouse seized during seven of the eight observation periods with an average severity of 4.3 + − 0.6 and an average duration of 29.3 + − 4.8 s. One mouse died during a seizure. Necropsy of these mice failed to reveal the cause of death. Histological examination of brain sections revealed an overall reduction in size of all parts of the brain rather than a disproportionate loss in volume of any one part. No structural abnormalities were apparent by histological examination.
Lowered leucine levels have been reported to induce phosphorylation of the α-subunit of eIF2, which results in lowered eIF2-GDP to eIF2-GTP exchange and lowered global protein synthesis due to translation inhibition [21] . Interestingly, there have been several reported links between eIF2α phosphorylation and epilepsy [40, 41] . Consistent with the lowered levels of serum Individual data are presented for eleven mice examined every third day for 3 weeks for a total of eight observations. Seizure occurrence indicates the number of seizures that occurred during the total observations. Severity was determined according to rating scale of Racine [15] . BCAAs in BDK −/− mice, we found a significant induction of phosphorylation of eIF2α in the brains of mutant mice in the absence of environmental stress, as compared with their wildtype counterparts ( Figure 5 ).
DISCUSSION
Reduced levels of BCAAs and growth retardation occur in BDK −/− mice, indicating that phosphorylation is the most important mechanism for regulation of BCKDH activity. Other modes of regulation of BCAA catabolism, i.e. reduced expression of BCKDH components as observed in low protein fed rats [16] or feedback inhibition of the BCKDH by end products of the reaction [9, 10] , are unable to compensate for lack of regulation by phosphorylation. The action of BDK is therefore critical for the conservation of BCAAs. The finding that BCKDH is 100 % active in all of the tissues of BDK −/− mice confirms that the phosphorylation state of the BCKDH is regulated by only one kinase, in contrast with the pyruvate dehydrogenase complex which is regulated by four kinases [22] . The BDK −/− mouse also provides a model for probing the affect of chronic BCAA deficiency on protein translation and growth. Most surprising was our finding that BDK −/− mice suffer convulsions, suggesting that these mice may prove useful as a model for human epilepsy and may provide insight into the role of BCAAs in normal brain function.
Activity state of BCKDH and the amount of E1 protein in tissues
The observation that BCKDH was 100 % active in the liver of wild-type mice is consistent with previous work showing that BCKDH is fully active in the livers of rats fed a chow diet [23] . BDK is down-regulated by the high concentration of BCAAs present in chow diets and residual BDK activity is inhibited by α-keto-isocaproate. Low BDK activity in the liver of BDK +/+ mice and no BDK activity in the liver of BDK −/− animals accounts for the lack of difference in the activity states of BCKDH in the livers of these mice.
As expected from studies using rats [23] , BCKDH was only partially active because of extensive phosphorylation in the brain, kidney, skeletal muscle and heart of BDK +/+ mice. In contrast, the BCKDH in these tissues of BDK −/− mice was fully active because the kinase is not present. Surprisingly, total BCKDH activity was further increased in these tissues of BDK −/− mice because of greater amounts of the E1 component. A similar phenomenon has been observed with low protein fed rats treated with the BDK inhibitor clofibrate [24] . Clofibrate increases BCKDH activity by inhibition of phosphorylation and by increasing the amount of E1 present in the liver [24] . A difference in stability of phosphorylated E1 compared with non-phosphorylated E1 towards proteolytic degradation could explain these findings. The affinity of E1 for the E2 component of the BCKDH is reduced by phosphorylation [25] , perhaps making it more vulnerable to degradation by proteases. Phosphorylation of the pyruvate dehydrogenase complex on its E1α protein decreases the half-life of its E1 component [26] . Thus conditions that promote dephosphorylation may increase the stability and therefore increase the amount of BCKDH E1. In BDK −/− mice E1 is always dephosphorylated and may therefore be more stable, resulting in an increase in its amount.
Knocking out BDK lowers BCAAs
BCAT catalyses the first step of BCAA catabolism. The 2-oxoglutarate required can be limiting, but is normally available. BCKAs can be converted back into BCAAs by reversal of the reaction. BCKDH catalyses the oxidative decarboxylation of BCKA. BCKDH is normally only partially active, enabling accumulation of BCKAs and their conversion back to BCAAs. BCKDH is fully active in the tissues of BDK −/− mice, resulting in rapid oxidation of BCKAs, reduced regeneration of BCAAs and low levels of BCAAs. Findings with BDK −/− mice are consistent with the theory that BCKDH catalyses the rate-limiting step in the disposal of BCAAs and regulation of its activity by BDKmediated phosphorylation is essential for conservation of BCAAs. Without the control normally exerted by phosphorylation, the activity of BCKDH should be able to completely eliminate BCAAs from the blood. The fact that a life-sustaining level of the BCAAs is maintained in BDK −/− mice suggests that the transamination of BCAAs to their keto acids limits their disposal, perhaps because of a limiting concentration of 2-oxoglutarate.
Threonine and methionine levels are maintained in BDK −/− mice Threonine is converted into 2-oxobutyrate, a good substrate for the BCKDH [27] , but threonine levels were well maintained in the blood of BDK −/− mice. This is probably because threonine oxidation occurs primarily in the liver [28] . Since BCKDH is fully active in the liver of BDK +/+ mice, loss of BDK activity has no additional effect on the activity of BCKDH in the liver of BDK −/− mice and therefore induces no difference in levels of threonine in these two groups of mice.
Two pathways are responsible for oxidative disposal of methionine [29] . The trans-sulfuration pathway produces 2-oxobutyrate, but this occurs in a late step of the pathway that is not likely to affect the overall rate of methionine utilization. The transamination pathway involves conversion of methionine into 4-methylthio-2-oxobutyrate, another good substrate for the BCKDH [19, 20] . The finding of comparable levels of methionine in BDK −/− and BDK +/+ mice suggests that the rate of transamination of methionine to its 2-oxo acid limits this pathway. This would be consistent with previous indications that the transamination pathway is either not important in methionine catabolism or only functional when methionine is in great excess [29, 30] .
Growth inhibition in BDK
−/− mice Since BCAAs are indispensable amino acids, we predicted that BCAA deficiency due to uncontrolled oxidation would affect the growth of BDK −/− mice. Since the growth rate is fastest in foetal and early neonatal life, we expected BDK −/− mice would be most severely affected during these periods. However, no difference was observed in body weights of BDK +/+ and BDK −/− mice at birth nor during the first 2 weeks of life, suggesting that there was no limitation on protein synthesis in utero nor in the early neonatal period. It is known that the capacity of the neonatal rat for oxidizing leucine is very low at birth but increases over the next 14 days [31] . Assuming a similar pattern of development of the capacity for BCAA oxidation in mice, a low capacity for BCAA oxidation at birth may explain the lack of a difference in body weight during the neonatal period.
The growth curves of the BDK +/+ and BDK −/− mice exhibit interesting differences. A lag phase in the growth of BDK +/+ mice between 2 and 3 weeks of age coincides with a period of weight loss in BDK −/− mice. BDK +/+ mice experience a growth spurt immediately after the lag phase, whereas BDK −/− mice grow slowly for one more week before also experiencing a growth spurt. The growth pattern of BDK +/+ mice between the third and sixth weeks is similar to that of BDK −/− mice during the fourth and seventh weeks. The growth spurt is not only delayed by 1 week in BDK −/− mice, but also is not as robust as that of BDK +/+ mice. Growth arrest probably occurs in BDK −/− mice because the BCAAs are limiting for the growth due to uncontrolled oxidation by the BCKDH. Improved growth of the BDK −/− mice fed on a high protein diet supports this hypothesis. An increase in the dietary supply of BCAAs partially compensates for over-oxidation of BCAAs. The fact that brain and adipose are smaller in BDK −/− mice fed on a high protein diet suggests that regulation of BCKDH activity by BDK is critically important in these tissues even when dietary BCAAs are present in excess. The stunted growth of BDK −/− mice emphasizes the importance of conserving BCAAs by BCKDH phosphorylation during the most rapid period of growth in young animals.
Starvation for leucine inhibits protein translation via phosphorylation and inactivation of the protein translation factor eIF2α [21] . BDK −/− mice provide a model for studying the impact of reduced leucine on basal levels of protein synthesis. To begin to address this issue in the present study, the phosphorylation status of eIF2α was explored in tissues of BDK −/− mice. Hyperphosphorylation of eIF2α was observed in the brain but not in other tissues examined, arguing that regulation of translation via the eIF2α-mediated pathway is particularly sensitive to the concentration of BCAAs in nervous tissue.
BCAAs are required for synthesis of branched-chain fatty acids of mammalian hair [32] . Structural defects occur in the fibre cuticle of hair in patients with maple syrup urine disease [33] . Synthesis of 18-methyleicosanoic acid, a major branched-chain fatty acid covering the cuticle cells of hair [33] , requires oxidation of isoleucine to its acyl-CoA ester by BCKDH. Although BDK −/− mice over-oxidize BCAAs which might be expected to increase the availability of substrate for the synthesis of these fatty acids, the amount of BCAAs supplied to cuticle cells is probably reduced because of the low concentration in the blood. A reduced supply of BCAAs to cuticle cells in BDK −/− mice may limit synthesis of branched-chain fatty acids and cause the lusterless appearance of their fur.
Differences in organ sizes in BDK
−/− mice
The greater kidney and liver weights of BDK −/− mice is of interest. Consumption of a high protein diet has this same effect [34] . A high protein diet or amino-acid infusions [35] increase the glomerular filtration rate. Consumption of excess protein results in a greater metabolic energy demand in the liver for urea synthesis and in the kidney for urea excretion. Greater energy demand on an organ usually causes hypertrophy [34] . Low concentrations of BCAAs in BDK −/− mice limit protein synthesis and probably increase the rates of protein degradation and amino acid oxidation. These in turn place a greater demand for energy in the liver for urea synthesis and in the kidney for urea excretion. Feeding BDK −/− mice on a high protein diet supplies them with more amino acids and further increases total amino acid degradation. This increase in amino acid degradation causes an even greater increase in the kidney size.
Knocking out BDK causes epilepsy
Why BDK
−/− mice display repetitive hind limb flexion and extension when hung by the tail and eventually develop epileptic seizures is not known. To our knowledge BCAA deficiency has not been reported to induce such signs of neurological dysfunction. On the other hand, chronic protein malnutrition promotes experimentally induced seizures in the rat [36] and isoleucine-deficient diets make rats more susceptible to the induction of seizures by the administration of pentylenetetrazole [37] . Epilepsy is more common in regions of the world where diets are often deficient in high quality proteins [38] . As observed in BDK −/− mice, a deficiency of indispensable amino acids induces hyperphosphorylation of eIF2α in the rat brain [39] . Phosphorylation of eIF2α in the brain has also been reported in pilocarpine-induced status epilepticus in mice [40] and human temporal lobe epilepsy [41] . Inhibition of protein translation initiation by eIF2α phosphorylation has been suggested to be responsible for neuronal cell injury and death in the latter condition [41] . On the other hand, Lu et al. [42] proposed that eIF2α phosphorylation is cytoprotective rather than damaging, because blocking protein synthesis initiation conserves energy and diverts glycine, cysteine and glutamate into glutathione synthesis. Phosphorylation of eIF2α also activates the expression of genes encoding enzymes involved in glutathione synthesis and protection against glutamate toxicity. It is therefore an open question as to whether increased phosphorylation of eIF2α in the brain of the BDK −/− mice is beneficial or detrimental. On one hand inhibition of the synthesis of a critical protein by phosphorylated eIF2α can be envisioned to cause cell damage that leads to the development of epilepsy. On the other, it is possible that eIF2α phosphorylation protects cells from epilepsy. As animals grow older, the efficiency of this protective mechanism may diminish and activation of eIF2α may no longer protect the brain against excitotoxicity that culminates in convulsions. Exploring the mechanism responsible for epilepsy in BDK −/− mice may provide an insight into the role of eIF2α phosphorylation.
A leucine-glutamate cycle operates between astrocytes and neurons [2, 43] . Buffering of excess glutamate in neurons by α-keto-isocaproate derived from leucine may be critically important in preventing seizures [43] . Since leucine increases the threshold for picrotoxin-induced epilepsy [44] and reduces glutamatergic neurotransmission [45] , the low leucine concentration in the brain of BDK −/− mice may decrease the threshold for stress-induced epilepsy. Transamination of α-keto-isocaproate to leucine plays an important role in conversion of glutamate to 2-oxoglutarate in the brain [46] . Since completely active BCKDH in the brains of BDK −/− mice maintains a low concentration of α-ketoisocaproate, reduced transamination may promote glutamate accumulation in specific areas of the brain. In other words, because levels of leucine and its keto acid are reduced in the brains of BDK −/− mice, buffering of glutamate by transamination with α-keto-isocaproate may be inadequate during times of stress. Why seizures only develop after 6-7 months of age is a mystery. Perhaps buffering of glutamate by α-keto-isocaproate becomes more important with age.
As evident from the phenotype of BDK −/− mice, BDK plays an important role in conserving BCAAs by limiting their oxidation. Reduced concentrations of BCAAs have a variety of effects emphasizing the role played by these indispensable amino acids in a number of physiological processes. BDK −/− mice therefore provide a useful tool for investigating the mechanisms by which reduced BCAA concentrations cause defects in growth and development.
